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INTRODUCTION 

Based on p r i o r  work r e p o r t e d  by t h e  Mobil Research and Development Corpora- 
t i o n ,  a two-step c o a l  l i q u e f a c t i o n  p r o c e s s  seems t o  h a v e  p o t e n t i a l  f o r  s a v i n g s  on 
hydrogen usage  compared t o  convent iona l  s o l v e n t - r e f i n e d  c o a l  (SRC) technology.  ( l )  
f i r s t  s t e p  c o n s i s t s  o f  a s h o r t  c o n t a c t  t ime,  r e l a t i v e l y  low tempera ture ,  low p r e s s u r e  
r e a c t i o n  of c o a l  w i t h  a c o a l  der ived  s o l v e n t  i n  t h e  absence  of molecular  hydrogen. 
T h i s  i s  fo l lowed by a s h o r t  c o n t a c t  t i m e ,  h i g h  p r e s s u r e  and tempera ture  r e a c t i o n  of 
t h e  products  i n  t h e  p r e s e n c e  of molecular  hydrogen. The purpose of t h e  f i r s t  step 
i s  p r i m a r i l y  t o  d i s s o l v e  t h e  c o a l .  A f t e r  removal of unreac ted  c o a l  and m i n e r a l  
m a t t e r ,  t h e  second s t e p  i s  c a r r i e d  o u t  t o  reduce  t h e  s u l f u r  l e v e l  of t h e  product and 
t o  r e g e n e r a t e  t h e  s o l v e n t .  Decreased hydrogen consumption is expec ted  t o  r e s u l t  
from t h e  s h o r t  c o n t a c t  t imes and t h e  removal of m i n e r a l  matter and s u l f u r  b e f o r e  t h e  
a d d i t i o n  of m o l e c u l a r  hydrogen. 

The 

EXPERIMENTAL 

The a p p a r a t u s  c o n s t r u c t e d  t o  c a r r y  o u t  t h e  experiments c o n s i s t e d  of a 1- 
l i t e r ,  s t i r r e d  a u t o c l a v e  (AC1) used t o  p r e h e a t  t h e  s o l v e n t - c o a l  s l u r r y  connected 
t o  a 2 - l i t e r ,  s t i r r e d  a u t o c l a v e  (AC2) equipped wi th  a n  i n t e r n a l  h e a t i n g  c o i l  t o  
b r i n g  t h e  s o l v e n t - c o a l  s l u r r y  r a p i d l y  t o  a c o n s t a n t  r e a c t i o n  t e m p e r a t u r e .  The 
appara tus  was l a t e r  modi f ied  by t h e  a d d i t i o n  of a t h i r d  a u t o c l a v e  (AC3) t o  a c t  as 
a quench v e s s e l .  T h i s  allowed d i r e c t  d e t e r m i n a t i o n  of  t h e  m a t e r i a l  l o s t  i n  each 
t r a n s f e r  s t e p  and an unambiguous d e t e r m i n a t i o n  of t h e  product  y i e l d .  Two of t h e  
experiments r e q u i r e d  a h igh-pressure  hydrogen atmosphere.  A t h e r m o s t a t t e d  hydrogen 
c y l i n d e r  was added w i t h  a p r e c i s e  p r e s s u r e  gauge t o  de te rmine  t h e  hydrogen gas  
ba lance  i n  t h e s e  exper iments .  A drawing of t h e  3-au toc lave  a p p a r a t u s  is shown i n  
F igure  1. The s l u r r y  t r a n s f e r  l i n e s  were h e a t - t r a c e d  1/4-inch t u b e s  equipped wi th  
quick-opening v a l v e s  which could  be manually o p e r a t e d  through a s a f e t y  b a r r i e r .  
AC2 was equipped w i t h  a thermocouple i n  t h e  a u t o c l a v e  body as w e l l  as i n  t h e  s o l u -  
t i o n  f o r  p r e c i s e  tempera ture  c o n t r o l .  During v e n t i n g ,  t h e  gas  passed  through a 
t r a p  t o  condense l i q u i d s ,  a g a s  sample p o r t ,  an H2S s c r u b b e r ,  and a wet t e s t  meter 
t o  measure H7.S f r e e  g a s  volume. 

The e x p e r i m e n t a l  procedure c o n s i s t e d  of p r e h e a t i n g  t h e  c o a l - s o l v e n t  s l u r r y  
t o  250 C i n  A C 1  w h i l e  AC2 was heated empty t o  s l i g h t l y  h i g h e r  t h a n  t h e  d e s i r e d  
tempera ture .  The s l u r r y  was t r a n s f e r r e d  t o  AC2 and t h e  i n t e r n a l  h e a t e r  was used t o  
b r i n g  t h e  s l u r r y  r a p i d l y  t o  c o n s t a n t  r e a c t i o n  tempera ture .  T y p i c a l l y ,  h e a t u p  re- 
qui red  3.4 I 0 . 6  min and t h e  tempera ture  remained c o n s t a n t  w i t h i n  ? 1 . 0  degrees  
dur ing  t h e  r e a c t i o n  p e r i o d .  Small  v a r i a t i o n s  i n  h e a t u p  t i m e  d i d  n o t  a f f e c t  t h e  re-  
a c t i o n  s i n c e  most of t h e  h e a t u p  time was s p e n t  below 415 C where t h e  r e a c t i o n  was 
slow. A f t e r  t h e  r e a c t i o n  was complete t h e  s l u r r y  was t r a n s f e r r e d  back t o  A C 1  o r  
t o  AC3 where i t  was quenched t o  250 C u s i n g  an  i n t e r n a l  c o o l i n g  c o i l .  A f t e r  t h e  
g a s e s  were vented  t h e  s l u r r y  was t r a n s f e r r e d  t o  a h e a t e d  f i l t e r  and f i l t e r e d  a t  
250 C .  

The product workup c o n s i s t e d  of c o n t i n u o u s l y  e x t r a c t i n g  t h e  f i l t e r  cake 
w i t h  t e t r a h y d r o f u r a n  (THF) and combining t h e  proper  p r o p o r t i o n s  of  THF and f i l t r a t e  
t o  make up a sample f o r  d i s t i l l a t i o n .  
r o u t i n e  e x t r a c t i o n  of t h e  THF e x t r a c t e d  f i l t e r  cake  w i t h  p y r i d i n e  and t h e  i n c h -  
s i o n  of t h e  p y r i d i n e  e x t r a c t  i n  t h e  l i q u i d  p r o d u c t s .  The e n t i r e  h o t  f i l t ra te -THF 
and  p y r i d i n e  e x t r a c t  was d i s t i l l e d  t o  e l i m i n a t e  any q u e s t i o n s  r e g a r d i n g  t h e  use o f  

The procedure  w a s  l a t e r  modi f ied  t o  inc lude  
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a r e p r e s e n t a t i v e  sample f o r  d i s t i l l a t i o n .  
fo l lowing  f r a c t i o n s ,  THF (b.p.  < l o 0  C ) ,  l i g h t  o i l  (b .p .  100-232 C),  So lven t  (b .p .  
232-482 c ) ,  and SRC ( d i s t i l l a t i o n  r e s i d u e  b .p .  >482 C).  

D i s t i l l a t i o n  cuts were made t o  give the 

MATERIALS 

The c o a l  used f o r  experiments  1-28 was s u p p l i e d  from t h e  W i l s o n v i l l e  SRC 
I t  was a blend of West Kentucky 9 and 1 4  seam c o a l  p i l o t  p l a n t ,  Sample No. 15793. 

from t h e  Co lon ia l  ? l ine of  t h e  P i t t s b u r g h  and Midway Coal Company. The Coal used i n  
experiments  29-37 was s i m i l a r  b u t  con ta ined  0.39 weight  p e r c e n t  more o rgan ic  S u l f u r  
than the  f i r s t  c o a l .  Analyses of bo th  c o a l s  a r e  shown i n  Tab le  1. 

TABLE 1. ANALYSES OF STARTING COALS 
(As-Received Bas i s )  

Coal Type 

Source 

Proxinate Analysis, wt X 

Hois Cure 
Ash 
V o l a t i l e  matter 
Fixed carbon 

Ultimate Analysis, w t  I 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen 

Sulfur Types, w t  X 
Total  
P y r i t i c  
Su l fa te  
Su l f ide  
Organic (by di f f erence )  

West Kentucky 9/14 

Colonial  Mine") 

5.72 
12.71 
34.7 
47.5 

66.0 
4.7 
1.3 
3.75 

12.2 

3.77 
1.96 

0.64, 0.56 
0.01 
1.16 

West Kentucky 9/14 

Pi t t sburgh  b 
Midway Coal Company 

2.71 
8.90 

36.9 
51.49 

70.0 
4.8 
2.4 
3.16 

10.74 

3.16 
1.30 
0.31 

1.55 
-- 

( a )  Source of coa l  used a t  W i l s o n v i l l e ,  SRC Quarterly Report #I, 
June 2 5 .  1976, p 2. 

The so lven t  used f o r  expe r imen t s  1-28 was r e c y c l e  s o l v e n t  o b t a i n e d  from t 
t h e  W i l s o n v i l l e  SRC p i l o t  p l a n t ,  Sample No. 20232. An a n a l y s i s  and d i s t i l l a t i o n  
da ta  f o r  the  s o l v e n t  a r e  shown i n  Table  2 .  The s o l v e n t  con ta ined  5 p e r c e n t  of 
m a t e r i a l  b o i l i n g  below 232 C ,  t h e  c u t o f f  p o i n t  between l i g h t  o i l  and SRC i n  t h e  
product  d i s t i l l a t i o n  and 4-5 p e r c e n t  of m a t e r i a l  b o i l i n g  above 482 C ,  t h e  c u t o f f  
po in t  between s o l v e n t  and SRC. 

I j 
A blend of W i l s o n v i l l e  r e c y c l e  s o l v e n t  ( 7 5  weight  p e r c e n t ) ,  and 1 ,2 ,3 ,4 -  

t e t r ahydronaph tha lene ,  J. T.  Baker Company P r a c t i c a l  Grade (25 we igh t  p e r c e n t ) ,  w a s  
prepared f o r  use a s  t h e  s o l v e n t  i n  expe r imen t s  29-37. Analyses  and d i s t i l l a t i o n  d a t a  
a r e  a l s o  given i n  Table  2 .  T e t r a l i n  b o i l s  below 232 C and was c o l l e c t e d  i n  t h e  
l i g h t  o i l  d i s t i l l a t i o n  f r a c t i o n  d u r i n g  p roduc t  workup. 

53 



TABLE 2 .  SOLVENT ANALYSES 

3:l Wilsonv i l l e  Recycle 
Wi l sonv i l l e  Recycle Solvent Solvent-Tetral in 

Ultimate Analysis .  wt  X 
a s  received 

Uoi s tcre  (benzene azeotrope) 
Ash <0.01 
Carbon 87 .8  
Hydrogen 7 . 8  
Nitrogen 0 . 7  
Sulfur 0 .27  
Oxygen (by d i f f erence )  3 .42  
E/C 1 . 0 7  

Trace 
0.10 

87.9 
8 . 3  
0 . 6  
0.2: 
2.89 
1 .13  

Cumulative Cumulative 

Tenp, C Z of  Sample Temp. C 2 of  5mple  
Corrected Volume D i s t i l l e d  Corrected Volume D i s t i l l e d  

216 IBP 20 1 IBP 
248 10 210 4 
25 3 20 214 1 7  
a67 30 225 28 
281 40 236 36 
299 50 260 47 
319 60 310 68 
356 70 340 76 
406 80 390 86 
431 90 430 90 
444 95 .5  481 9 4 . 5  

,444 4 .5  w t  X res idue  >481 4 . 1  w t  X residue 

RESULTS AND DISCUSSION 

Four v a r i a b l e s  were s t u d i e d  i n  t h e  f i r s t  p a r t  of t h e  exper imenta l  program 
which examined t h e  f i r s t  s t e p  of  t h e  proposed two-step p r o c e s s .  The v a r i a b l e s  were 
r e a c t i o n  tempera ture  (413-454 C) s o l v e n t  t o  c o a l  r a t i o  ( 2 : l  and 3:1), r e s i d e n c e  time. 
(0-5 minutes ) ,  and p r e s s u r e  (300-1800 p s i ) .  Recycle  s o l v e n t  from t h e  W i l s o n v i l l e  SRC 
p i l o t  p l a n t  was used in a l l  of t h e s e  exper iments .  L a t e r ,  m o l e c u l a r  hydrogen and 
r e c y c l e  s o l v e n t  c o n t a i n i n g  25 weight p e r c e n t  t e t r a l in  were used i n  f o u r  experiments,  
a l l  a t  441 C f o r  2 m i n u t e s .  
s t e p ,  where hydrogenated  s o l v e n t  and molecular  hydrogen would b e  used t o  lower t h e  
s u l f u r  c o n t e n t  of t h e  p r o d u c t .  

These exper iments  were des igned  t o  s i m u l a t e  t h e  second 

THF Conversion 

T e t r a h y d r o f u r a n  (THF) convers ion  was c a l c u l a t e d  from t h e  d i f f e r e n c e  between 
t h e  i n i t i a l  and t h e  f i n a l  s o l u b i l i t i e s  of t h e  t o t a l  c o a l - s o l v e n t  s l u r r y  i n  THF. THF 
convers ions  were c a l c u l a t e d  on an MAF c o a l  b a s i s  and a d j u s t e d  f o r  t h e  c o a l  not reco- 
v e r e d  f r o n  t h e  a u t o c l a v e s .  The f i l t e r  cake  r e s u l t i n g  from f i l t r a t i o n  of t h e  product 
a t  250 C was c o n t i n u o u s l y  e x t r a c t e d  w i t h  THF f o r  up t o  t h r e e  days .  The THF s o l u b l e  
convers ion  f i g u r e s  may b e  too  h i g h  however, s i n c e  h o t  r e c y c l e  s o l v e n t  i s  probably a 
b e t t e r  s o l v e n t  f o r  c o a l  l i q u i d s  than  THF and may Save d i s s o l v e d  some m a t e r i a l  i n  the  
h o t  f i l t r a t i o n  which would be i n s o l u b l e  in THF. 

F i g u r e  2 shows THF convers ion  p l o t t e d  as a f u n c t i o n  of r e a c t i o n  time and 
tempera ture  a t  3 : l  s o l v e n t / c o a l  r a t i o .  The THF s o l u b l e s  appear  t o  be formed a s  un- 

1 s t a b l e  i n t e r m e d i a t e s  in t h e  t o t a l  r e a c t i o n  sequence. The low m o l e c u l a r  weight THF 
s o l u b l e s  may be a b l e  t o  combine i n  t h e  absence of  hydrogen t o  form h i g h e r  molecular 
weight  materials which are i n s o l u b l e  i n  THF. A t  413 C ,  THF s o l u b l e s  i n c r e a s e  
1 Y  between 0 and 2 m i n u t e s  and seem t o  be only s l i g h t l y  u n s t a b l e .  A t  429 C ,  most 
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of t h e  THF s o l u b l e s  a r e  produced d u r i n g  t h e  hea tup  p e r i o d .  The format ion  of THF 
s o l u b l e s  is over  by t h e  end of t h e  hea tup  p e r i o d  and decomposition i s  s lowly  t a k i n g  
p l a c e  a f t e r  "zero" r e a c t i o n  t i m e  a t  441 C ,  and a t  454 C t h e  p r o d u c t i o n  of THF so lu-  
b l e s  i s  over b e f o r e  t h e  hea tup  p e r i o d  i s  completed and t h e  thermal  decomposition r e -  
a c t i o n  i s  more r a p i d  t h a n  a t  441 C. 

I n c r e a s i n g  t h e  s o l v e n t  t o  c o a l  r a t i o  might be expec ted  t o  have t h e  e f f e c t  
of s t a b i l i z i n g  the  THF s o l u b l e  m a t e r i a l s  by making a v a i l a b l e  more hydrogen from t h e  
s o l v e n t .  However t h e  changes in THF convers ion  as a f u n c t i o n  of s o l v e n t  t o  Coal 
r a t i o  a t  1 minute r e s i d e n c e  t ime and 427-441 C a r e  r e l a t i v e l y  small .  THF s o l u b l e  
convers ion  i s  i n c r e a s e d  by t h e  presence  of bo th  molecular  hydrogen i n  t h e  g a s  phase 
and t e t r a l i n  added t o  t h e  s o l v e n t .  

S o l u b i l i t i e s  of  t h e  products  i n  THF followed by p y r i d i n e  were determined 
f o r  some of t h e  exper iments .  The convers ions  t o  p y r i d i n e  s o l u b l e s  averaged 1 . 6  
weight percent  more than  t h e  c o n v e r s i o n s  t o  THF s o l u b l e s .  

SRC Yie lds  

SRC y i e l d  i s  d e f i n e d  as t h e  m a t e r i a l  which i s  s o l u b l e  i n  t h e  h o t  f i l t r a t e  
p l u s  t h e  m a t e r i a l  i n  t h e  f i l t e r  cake which i s  s o l u b l e  i n  THF w i t h  a b o i l i n g  p o l n t  
above 482 C .  A l l  of t h e  SRC y i e l d s  have been c a l c u l a t e d  on a n  MAF c o a l  and MAF S.RC 
b a s i s .  The y i e l d s  of SRC would normally b e  s m a l l e r  than  t h e  THF s o l u b l e  convers ions  
were i t  no t  f o r  t h e  presence  of t h e  s o l v e n t .  Components o f  t h e  s o l v e n t  r e p o r t e d  t o  
the  SRC f r a c t i o n  e i t h e r  by r e a c t i n g  w i t h  t h e  SRC or by polymer iz ing  t o  h i g h e r  mo- 
l e c u l a r  weight m a t e r i a l s  which appear  i n  t h e  SRC d i s t i l l a t i o n  f r a c t i o n .  
4-5 weight p e r c e n t  of  t h e  s t a r t i n g  s o l v e n t  b o i l e d  above 4 8 2  C and w a s  i n c l u d e d  i n  
t h e  SRC d u r i n g  d i s t i l l a t i o n .  

I n  a d d i t i o n ,  

F i g u r e  3 i s  a p l o t  of SRC y i e l d  v e r s u s  t ime and tempera ture  a t  3 : l  s o l v e n t  
t o  c o a l  r a t i o .  SRC y i e l d s  a r e  shown to  d e c r e a s e  a t  413 C and 427 C and t o  i n c r e a s e  
a t  441 C and p o s s i b l y  454 C a s  a f u n c t i o n  of  i n c r e a s i n g  r e a c t i o n  t ime a t  tempera ture .  
One e x p l a n a t i o n  f o r  t h e s e  r e s u l t s  l i e s  i n  t h e  thermal  i n s t a b i l i t y  of t h e  s o l v e n t .  The 
product of t h e  i n t e r a c t i o n  of SRC w i t h  s o l v e n t  may decompose a t  413 and 4 2 7  C r e l e a s -  
i n g  s o l v e n t  molecular  weight  m a t e r i a l  w h i l e  a t  441-454 C t h e  s o l v e n t  may polymer ize  
t o  h e a v i e r  molecular  weight p r o d u c t s  which d i s t i l l  w i t h  t h e  SRC f r a c t i o n .  

There was a d e c r e a s e  i n  SRC y i e l d  when t e t r a l i n  was added t o  t h e  s o l v e n t  
bu t  a s l i g h t  i n c r e a s e  when an  o v e r p r e s s u r e  of hydrogen w a s  used .  The d e c r e a s e  w i t h  
added t e t r a l i n  was probably  due t o  t h e  f a c t  t h a t  t h e r e  w a s  l e s s  h i g h  b o i l i n g  s o l v e n t  
p r e s e n t ,  p a r t  of which appeared a s  SRC when t h e  d i s t i l l a t i o n  c u t  was made a t  4 8 2  C .  

Qual i ty  of SRC 

The am@unt of ash and p a r t i c u l a r l y  s u l f u r  i n  t h e  SRC a r e  as impor tan t  as 
t h e  y i e l d .  I f  the  SRC i s  t o  be used as a c l e a n  b o i l e r  f u e l  i n  p l a c e  of  o i l ,  t h e  
ash  c o n t e n t  must be q u i t e  low and t h e  s u l f u r  c o n t e n t  must be low enough to meet t h e  
new s o u r c e  s t a n d a r d s  f o r  SO2 emiss ions  dur ing  combustion. Average a n a l y s e s  f o r  SRC 
made from both  c o a l s  a r e  shown i n  T a b l e  3. A s  e x p e c t e d ,  t h e  average  SRC produced 
i n  t h e  f i r s t  s t e p  of  t h e  two-step p r o c e s s ,  even u s i n g  a West Kentucky 9/14 c o a l  
blend w i t h  an unusual ly  low o r g a n i c  s u l f u r  c o n t e n t  (Coal Sample 1) would y i e l d  1.34 
l b  SOz/MM Btu d u r i n g  combustion and would n o t  meet t h e  p r e s e n t  new s o u r c e  s t a n d a r d s .  

1 
I 
1 
i, There  appears  t o  b e  a n  i n c r e a s e  i n  t h e  s u l f u r  c o n t e n t  of  t h e  SRC prepared  

w i t h  2 5  weight p e r c e n t  added t e t r a l i n  i n  t h e  s o l v e n t .  
absence of a s u l f u r  d i l u t i o n  e f f e c t  which t a k e s  p l a c e  bhen low s u l f u r  c o n t e n t  s o l -  

n o t  a f f e c t  t h e  s u l f u r  l e v e l  i n  t h e  SRC when t h e  second s t e p  vas c a r r i e d  o u t  a t  441  C 

Again,  t h i s  may b e  due  t o  t h e  

v e n t  appears  i n  t h e  SRC f r a c t i o n .  Adding an  o v e r p r e s s u r e  of m o l e c u l a r  hydrogen d i d  
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The s u l f u r  i n  t h e  f i r s t  West Kentucky 9 / 1 4  c o a l  c a n  b e  d i v i d e d  i n t o  organic  
(1 .16  weight p e r c e n t )  and i n o r g a n i c  (2 .61  weight  p e r c e n t )  f r a c t i o n s .  The maximum 
percentage  of  o r g a n i c  s u l f u r  removed i n  t h e  s imula ted  f i r s t  s t e p  was 3 7  p e r c e n t  
(MAF b a s i s )  a t  454 C ,  1 minute  r e s i d e n c e  t i m e ,  a s  s h a m  i n  F i g u r e  3 .  
removed i n  i n c r e a s i n g  amounts w i t h  i n c r e a s i n g  r e a c t i o n  t i m e  and a t  i n c r e a s i n g  r a t e s  
w i t h  i n c r e a s i n g  r e a c t i o n  t e n p e r a t u r e .  S i n c e  t h e r e  w a s  no e f f e c t  of i n c r e a s i n g  s o l -  
v e n t  to c o a l  r a t i o  on s u l f u r  removal,  t h i s  s u g g e s t s  t h a t  hydrogen w a s  no t  b e i n g  
t r a n s f e r r e d  from t h e  W i l s o n v i l l e  r e c y c l e  s o l v e n t  t o  t h e  c o a l  molecule  i n  o r d e r  t o  
remove s u l f u r  a t  t h e  low tempera ture  used i n  t h e  f i r s t  s t e p .  The s u l f u r  removal 
mechanism a t  t h i s  s t a g e  probably  only  i n v o l v e s  thermal  removal of nonth iophenic  
s u i f u r .  

S u l f u r  was 

Other  Reac t ion  Products  

I n  a d d i t i o n  t o  SRC, g a s ,  l i g h t  o i l ,  and a f i l t e r  cake of  unreac ted  c o a l  and 
i n o r g a n i c  m a t e r i a l s  a r e  produced i n  t h e  f i r s t  s t e p  of t h e  s h o r t  r e s i d e n c e  time c o a l  
l i q u e f a c t i c n  p r o c e s s .  One of t h e  o b j e c t i v e s  of s h o r t  r e s i d e n c e  t ime c o a l  l i q u e f a c -  
t i o n  is t o  minimize t h e  loss of hydrogen t o  g a s e s  and l i g h t  o i l .  Unreacted c o a l  
a l s o  r e p r e s e n t s  a loss o f  m a t e r i a l ,  b u t  i t  may b e  g a s i f i e d  t o  produce process  hydro- 
gen .  

The a v e r a g e  q u a n t i t y  and composition o f  gas  from AC1 is shown i n  Table  3 .  
The N - f r e e  g a s  c o n t a i n e d  small q u a n t i t i e s  of CO , H2S, and o t h e r  gases  which r e s u l t e d  
from { e a t i n g  c o a l  t o  250 C. The average  composizion and q u a n t i t y  of t h e  N2-free gas 
produced d u r i n g  t h e  r e a c t i o n  i n  AC2 is a l s o  shown in T a b l e  3 .  Most of t h i s  gas  i s  
probably a l s o  t h e  r e s u l t  of c o a l  decomposition. Only 2 weight p e r c e n t  of t h e  as-fed 
c o a l  goes t o  gas d u r i n g  t h e  f i r s t  s t e p  of  t h e  p r o c e s s .  

TABLE 3 .  AVERAGE ANALYSIS OF SHORT RESIDENCE 
TIME COAL LIQUEFACTION PRODUCTS 

Analysis .  weight percent  Product Fraction F i l t e r  
o f  sample l e t  Coal 2nd Coal Light O i l  Cake Solvent  

-- -- -- _- Noia ture 
Ash 0.17 0 .15  48.4 
Carbon 84 .3  84.9 83.9 42 .7  87.75 
Hydrogen 5 .6  5.75 7 .6  2 .3  7.7 
Nitrogen 1 . 7 5  1 . 7  0 .7  1.0 0 . 7 3  
Sulfur 1.02 1 .37  0 .19  6.16 0.20 
Oxygen (by d i f f e r e n c e )  6 . 7  6 . 2  1 . 7  3 . 4  3.17 
H / C  r a t i o  .797 .813  1.087 1.05 

Gases 
Volume Percent o f  Sample Preheater Reactor 

7 . 8  11 .2  
34.8 10.9 
0 .55  1 . 3  
3 . 5  10 .4  

29.0 31 .3  
3 . 8  23.3 
2 .25 4 . 8  

2 

Others. C3+, by d i f f e r e n c e  18 .83  1.0 

: 4 4  
R*S6 d 
co4 

The H2 p r e s e n t  i n  t h e  gas  i n  AC2 r e p r e s e n t s  2 2  p e r c e n t  of  t h e  s u l f u r  i n  
t h e  c o a l .  
s t e p  of t h i s  c o a l  l i q u e f a c t i o n  p r o c e s s  i s  2 5  p e r c e n t  o f  t h e  t o t a l  sulfur i n  t h e  as- 
f e d  coa l .  
P y r i t i c  s u l f u r  which can  be h a l f  conver ted  t h e r m a l l y  t o  H2S under  t h e  r e a c t i o n  con- 
d i t  ions .  

The t o t a l  amount of s u l f u r  r e l e a s e d  i n t o  t h e  g a s  phase  d u r i n g  t h e  f i r s t  

T h i s  presumably arises from e a s i l y  removed o r g a n i c  s u l f u r  and some of t h e  
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Added t e t r a l i n ,  hydrogen o v e r p r e s s u r e  and i n c r e a s e d  s o l v e n t  t o  c o a l  r a t i o s  
The r e s u l t s  a r e  Complicated by and r e s u l t e d  i n  no measurable  i n c r e a s e  i n  gas  y i e l d .  

c o r r e c t e d  f o r  hydrogen added i n  t h e  expe r imen t s  w i t h  h igh -p res su re  hydrogen. 

f i l t e r  cake composi t ions va ry  widely.  
c r e a s e  while  oxygen and hydrogen and p o s s i b l y  n i t r o g e n  c o n c e n t r a t i o n s  i n  t h e  f i l t e r  
cakes d e c r e a s e .  
c o a l .  
i n  t h e  c o a l  f e e d .  
p y r i t e  decomposi t ion and s u l f a t e  s u l f u r .  

So lven t  Composition and Recovery 

The average f i l t e r  cake a n a l y s i s  i s  a l s o  shown i n  Table  3 .  I n d i v i d u a l  
A s  conver s ion  i n c r e a s e s ,  s u l f u r  and a sh  in-  

The average f i l t e r  cake y i e l d  i s  30 weight  pe rcen t  of t h e  a s - f ed  

T h i s  s u l f u r  i s  made up of t h e  s u l f u r  remaining a f t e r  p a r t i a l  
The s u l f u r  p r e s e n t  i n  t h e  f i l t e r  cake r e p r e s e n t s  49 percen t  of t h e  s u l f u r  

The s o l v e n t  is de f ined  a s  t h e  product  f r a c t i o n  which i s  s o l u b l e  i n  t h e  ho t  
f i l t r a t e  and/or  du r ing  t h e  THF e x t r a c t i o n  of t h e  f i l t e r  cake and which b o i l s  between 
232  C and 482 C a t  a tmosphe r i c  p r e s s u r e .  
l i q u e f a c t i o n  p rocess  i s  t h a t  a t  l e a s t  as much s o l v e n t  be c r e a t e d  a s  is used i n  t h e  
p r o c e s s .  I n  a d d i t i o n ,  t h e  composi t ion of t h e  s o l v e n t  must be kep t  c o n s t a n t  i f  i t  is 
t o  be used a s  a hydrogen donor  and a s  a s o l v a t i n g  a g e n t  f o r  t h e  d i s s o l v e d  c o a l .  

One of t h e  r equ i r emen t s  of a commercial 

The average s o l v e n t  r ecove ry  f o r  t h e s e  expe r imen t s  i n  t h e  absence of hydro- 
gen o r  t e t r a l i n  was 8 9  p e r c e n t ,  c o r r e c t e d  f o r  s o l v e n t  l o s t  i n  t h e  r e s i d u e s  which r e -  
main i n  t h e  a u t o c l a v e s  and by no rma l i z ing  mass b a l a n c e s  from 9 5 . 4  t o  100 p e r c e n t .  
Of t h e  11 p e r c e n t  of t h e  s o l v e n t  unaccounted f o r  d i r e c t l y  du r ing  t h e  r e a c t i o n ,  5-6 
p e r c e n t  i s  c o l l e c t e d  i n  each of t h e  l i g h t  o i l  and SRC f r a c t i o n s  as d i s c u s s e d  e a r l i e r .  
The recovery of s o l v e n t ,  uncor rec t ed  f o r  s t a r t i n g  s o l v e n t  which d i s t i l l e d  i n  t h e  
l i g h t  o i l  and SRC f r a c t i o n s ,  i s  shown as a f u n c t i o n  of r e a c t i o n  time and t empera tu re  
i n  F i g u r e  5 .  There i s  no c o r r e l a t i o n  wi th  t empera tu re .  However, s o l v e n t  r ecove ry  
does i n c r e a s e  wi th  r e a c t i o n  t ime and w i t h  d e c r e a s i n g  s o l v e n t  t o  c o a l  r a t i o .  

Hydrogen T r a n s f e r  

The d a t a  i n d i c a t e  t h a t  t h e r e  was a n e t  consumption of hydrogen i n  t h e  
p re sence  of h igh  p r e s s u r e  hydrogen. 
of h igh  p r e s s u r e  hydrogen is w e l l  e s t a b l i s h e d .  During t h e  l i q u e f a c t i o n  p r o c e s s ,  t h e  
s o l v e n t  i s  presumed t o  dona te  hydrogen t o  t h e  d i s s o l v e d  c o a l  molecules  t o  s t a b i l i z e  
them and prevent  po lymer i za t ion  r e a c t i o n s  which l e a d  t o  coke. I n  t h i s  s t u d y ,  hydro- 
gen t r a n s f e r  was fol lowed by mon i to r ing  t h e  e l emen ta l  a n a l y s i s  of t h e  s o l v e n t  t o  s e e  
i f  a change i n  hydrogen pe rcen tage  o r  H / C  r a t i o  o c c u r r e d .  Comparison of t h e  ave rage  
s o l v e n t  a n a l y s e s  b e f o r e  and a f t e r  r e a c t i o n  i s  complicated by t h e  l o s s  of recovered 
s o l v e n t  t o  S R C  and l i g h t  o i l  f r a c t i o n s  which occur s  du r ing  d i s t i l l a t i o n .  

A n e t  p r o d u c t i o n  of  hydrogen i n  t h e  absence 

The a n a l y s e s  f o r  hydrogen and ca rbon  a r e  t h e  same w i t h i n  expe r imen ta l  er- 
r o r ,  however, i f  as  shown i n  Tab les  2 and 3 ,  hydrogen has  decreased 0 . 1  weight  per- 
cen t  and t h e  H / C  r a t i o  has  dec reased  0.02 on  t h e  ave rage ,  t h i s  means t h a t  approxi-  
mately 1 . 3  pe rcen t  of t h e  hydrogen i n  t h e  s o l v e n t  t r a n s f e r s  t o  c o a l  d u r i n g  l i que -  
f a c t i o n  a t  3 : l  s o l v e n t  t o  c o a l  r a t i o .  T h i s  i n d i c a t e s  t h a t  up t o  85 p e r c e n t  of the  
c o a l  can be converted t o  THF s o l u b l e  m a t e r i a l s  by t r a n s f e r r i n g  hydrogen amounting t o  
l e s s  t han  0 .3  weight  p e r c e n t  of t h e  c o a l  cha rge .  The s o l v e n t ' s  r o l e  i n  t h e  f i r s t  
s t e p  of t h e  p rocess  i s  c l e a r l y  based a s  much on d i s p e r s i n g  and d i s s o l v i n g  t h e  coal  
molecules  r e s u l t i n g  from the rma l  bond b r e a k i n g  a s  i t  is on s t a b i l i z i n g  t h e  molecules  
by hydrogen t r a n s f e r .  

S u l f u r  Balance 

The f a t e  o f  s u l f u r  du r ing  t h e  p r o c e s s  i s  a l s o  impor t an t .  The ave rage  sul- 
f u r  ba l ance  i s  shown below. 
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Percen t  o f  
P roduc t s  S u l f u r  i n  Coal 

Gas 24.9 
Ligh t  O i l  0.4 
SRC 21.2 
F i l t e r  Cake 4L .4 
Solven t  - 

90.9 
About one -qua r t e r  of t h e  s u l f u r  i n  t h e  c o a l  remained i n  t h e  SRC, one- 

q u a r t e r  appeared a s  H2S i n  t h e  g a s e s  and n e a r l y  one-half remained i n  t h e  f i l t e r  cake. 
Hydrogen in t roduced  i n  t h e  second s t e p  would n o t  s e e  t h r e e - q u a r t e r s  of t h e  s u l f u r  
contained i n  t h e  s t a r t i n g  c o a l .  

CONCLUSIONS 

I n  s t e p  one ,  conve r s ion  o f  c o a l  t o  a THF s o l u b l e  p roduc t  was r a p i d .  The 
THF s o l u b l e s  were u n s t a b l e  i n  t h e  p re sence  of a c o a l  de r ived  s o l v e n t ,  b u t  i n  t h e  
absence of hydrogen. I n  s t e p  two, the  a d d i t i o n  of molecular  hydrogen t o  t h e  system 
o r  o f  t e t r a l i n  t o  t h e  s o l v e n t  t o  i n c r e a s e  hydrogen t r a n s f e r  t o  t h e  c o a l  i nc reased  
t h e  THF s o l u b l e  conve r s ion  b u t  d i d  no t  lower t h e  s u l f u r  c o n t e n t  of t h e  SRC. Higher 
t empera tu res  were r e q u i r e d  t o  remove more s u l f u r .  

SRC y i e l d s  were g r e a t e r  t han  100 pe rcen t  due t o  t h e  p re sence  of so lven t  i n  
t h e  SRC. The ave rage  SRC p repa red  from West Kentucky 9 / 1 4  c o a l  b l ends  d i d  n o t  meet 
new source  s t a n d a r d s  f o r  SO’ emiss ions  a f t e r  t h e  f i r s t  s t e p  of t h e  two-step p rocess  2 a l though  a l l  of t h e  i n o r g a n i c  s u l f u r  and an  ave rage  12 p e r c e n t  of t h e  o rgan ic  
s u l f u r  was removed. 

Hydrogen was produced i n  t h e  absence of an o v e r p r e s s u r e  of molecu la r  hydro- 
gen and consumed when hydrogen w a s  p r e s e n t  i n  t h e  system. During s t e p  one of the 
two-step p rocess  less t h a n  0.3 weight  p e r c e n t  hydrogen was t r a n s f e r r e d  from t h e  s o l -  
v e n t  of  t h e  SRC i n  t h e  absence of hydrogen. The s o l v e n t  appea r s  t o  p h y s i c a l l y  s t a -  
b i l i z e  t h e  c o a l .  S o l v e n t  r ecove ry  from s t e p  one w a s  approx ima te ly  100 p e r c e n t  when 
co r rec t ed  f o r  the  amounts of s t a r t i n g  s o l v e n t  which were c o l l e c t e d  i n  t h e  l i g h t  o i l  
and SRC f r a c t i o n s .  
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Wok: Stirrers in 011 outocloves. 
heater in A C 2 ,  ana cootinq 
coil i n A C 3  ore not s h o w n .  
Al l  outoclovcs and fillers 
ore equipped with furnaces 
Dndiemperaturc controls 

FIGURE 1 .  SHORT RESIDENCE TIME COAL LIQUEFACTION APPARATUS - 3 AUTOCLAVES 
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